Abstract-This paper analyzes the dual inverter driven open-end permanent magnet synchronous motor (PMSM) system and proposes control method which can generate maximum output power in overall speed range for integrated starter/alternator. Dual inverter driven open-end machine system consists of two inverters which are connected to the both ends of the machine winding. By disconnecting one inverter from the power source, the dc-link voltage of flying capacitor can be boosted through the machine. Because one inverter is connected to the only power source, output power of the machine is regulated by the source connected inverter. In this paper, modulation method for maximizing output power of inverter and motor with reduced harmonic and loss is proposed. It is a hybrid modulation combining six-step and pulse width modulations. With proposed method, efficiency and operation area are improved and cost of entire driving system is also decreased due to the removing of dc-dc converter. Analyses, strategies, control method, and simulation results are descripted. The experiments with PMSM are accomplished to verify the feasibility of proposed method.
I. INTRODUCTION
R ECENTLY, because of the environmental problem and soaring of the fuel price, electric motor systems are adopted to the many kinds of traction applications such as train and vehicle which were traditionally driven by internal combustion engine (ICE) or external combustion engine (ECE). In addition, because efficiency of the electric traction system is higher than that of ICE, electric traction vehicles have higher mileage than the ICE vehicles. It is expected that efficiency of the future hybrid electric vehicle (HEV) and electric vehicle (EV) becomes higher than the current level thanks to the improvements of the inverter topology, switching devices, and motor design technologies.
AC motors, permanent magnet synchronous motors (PMSMs), and induction motors, are generally used as a traction motor for HEV due to their high efficiency although complex control technique is required. Among the ac motors, PMSMs are mostly used in HEV because of their high efficiency and com- pactness. Especially, interior permanent magnet synchronous motor (IPMSM) is suitable for HEV application due to its reluctance torques in field weakening region. Because the required operating region of HEV motor is much wider than that of other applications, the reluctance torque and wide field weakening characteristic make IPMSM adopted for traction motor of EV. The high efficiency of PMSM mainly comes from its inherent rotor flux from permanent magnet, whereas other motors need the rotor current for generating the rotor flux. Thanks to this rotor flux, efficiency below the rated speed is higher than other motors and the power factor of the PMSM is also higher than that of other machines. However, this constant rotor flux generates high back-electromotive force (back-EMF) in the high speed region. Because output voltage of the inverter should be controlled under the available range, field weakening control is necessary for the high speed operation [1] - [8] . The negative d-axis current reduces back-EMF and lowers the required voltage. Thus, system can be maintained in the stable operation. Although IPMSM shows higher efficiency than that of other PMSMs in high speed region, it is true that field weakening current restricts output torque and drops the efficiency. By these reasons, high dc-link voltage is required to reduce the field weakening current and secure the high speed operation of HEV. However, it is hard to make high dc-link voltage directly from the battery because stacking of battery cells requires complex cell balancing circuits [9] - [13] . Most of all, high battery voltage is potentially dangerous. So, dc-dc boost converter is generally used to make high dc-link voltage from relatively low battery voltage. The simple schematic of drive system with such dcdc converter is shown in Fig. 1 . This kind of cascaded system, however, deteriorates the system efficiency. The boosting ratio of dc-dc converter is also not high, normally between 2 and 3, because high boosting ratio lowers efficiency. Because inductor used in dc-dc converter takes huge volume and weight, it is also pointed out as a drawback of dc-dc converter [14] , [15] .
To overcome the demerits of the cascaded system with the dc-dc converter, several studies have been conducted. Z-source inverter proposed by Peng et al. is one of those studies [16] - [19] . Z-source inverter uses no dc-dc converter and makes circuit simpler with inductors and capacitors. It also has a strong fault tolerance because it removes dead time between upper and lower switch. However, it is far from reducing the volume and weight because it requires two inductors and capacitors. The boosting ratio is also restricted by output voltage and shoot-through zero state. In [15] , the cascaded H-bridge with flying capacitor is proposed to obtain higher output voltage. This method, however, requires not only many switches but also the complicated lookup table. The modulation index (MI) is also limited by the load condition.
Dual inverter also can be used to obtain high phase voltage for HEV without dc-dc converter because each phase can be considered as full-bridge converter. The previous researches about the dual inverter topology can be classified into three groups according to the topics; multilevel inverter [20] - [26] , system integrator [27] - [30] , and boost function [31] - [35] . This paper especially focused on the boosting capability of dual inverter system. In [31] , dual inverter with flying capacitor shown in Fig. 2 was proposed. They used the isolated flying inverter as reactive power source. They proposed the decoupling control method and flying dc-link voltage regulation method for the dual inverter with flying capacitor. In [32] , dual inverter with flying capacitor is modeled as series connected inductor. However, there are several problems such as costs, size, and relatively low efficiency due to the high inverter loss. In order to improve the efficiency, Ewanchuk et al. studied about the operation of the dual inverter with flying capacitor when six-step operation is adopted for both inverters [33] . In [34] , common mode power transferring method by dual inverter system is examined. Jayasinghe et al. proposed wind energy conversion system with dual inverter concept [28] , [29] . They used efficient IGCTs for the generator side inverter for the six-step modulation method. They also presents the compensation modulation method to make sinusoidal output current. However, the further consideration and control methods are required when it comes to the motor driving applications.
This paper presents the control strategy for dual inverter fed open-end motor with flying capacitor as shown in Fig. 2 . The proposed hybrid modulation method consists of the six step of the input side inverter, Inv1, and pulse width modulation (PWM) of the isolated inverter, Inv2. By applying the proposed hybrid modulation method, the operation area is expanded in highspeed region. The efficiency is increased and the size can be also reduced because the losses by the power device switching and the field weakening current are reduced. The control objects of the proposed dual inverter with flying capacitor system include not only the output torque but also the flying capacitor voltage. For this control, the power flows between two inverters and the motor are considered simultaneously. While the six step generates the ripple power, the method proposed in this paper eliminates the ripples using PWM of the isolated inverter. This paper presents the details of the previous research [35] which had shown the feasibility of the hybrid modulation method and proposes phase shift hybrid modulation method.
This paper organized as follows. In Section II, electrical model of the PMSM is introduced and the power flow of the dual inverter scheme is analyzed. In Section III, hybrid modulation method for dual inverter system is proposed and the expanded operation area is analyzed. In Section IV, experimental results with open-end PMSM are presented. And conclusion of this paper is given in Section V.
II. BASICS OF OPERATION
The dual inverter system with flying capacitor satisfies the two main objects: load power regulation and flying dc-link voltage regulation. The former is for following the user command and the latter is for safe operation of the isolated inverter with flying capacitor. This section describes the control method satisfying the objects in the dual inverter with flying capacitor topology. Such an objective can be accomplished with voltage decoupling control proposed in [31] . The constraints of the proposed system and the advantages of dual inverter topology with flying capacitor are described in this section.
A. System Modeling
In analyzing the modulation method and power flow, the electrical model of PMSM and dual inverter is considered. Fig. 3 shows the electrical schematic of dual inverter and PMSM. PMSM is simply modeled with inductor, resistor, and back-EMF from electromagnetic coupling. The open stator windings are connected to the legs of Inv1 and Inv2.
Inv1 connected to the battery is drawn at the left side of where the common mode voltage between both inverters, V oo' , is defined as
This common mode voltage does not contribute to the torque generation because only differential components generate torque. In the rotating reference frame, voltage to the motor can also be written as
where Fig. 4 demonstrates the power flow diagram of dual inverter with flying capacitor system. P and Q indicate the active and reactive powers, respectively. The subscripts indicate the power source. P in shows the input power to the system and P out and Q out show the active and reactive powers consumed by the machine.
B. Power Control
As aforementioned, main objects of the machine drive system by dual inverter with flying capacitor system are torque or speed regulation of the machine and flying dc-link voltage regulation. To accomplish the first object, P out and Q out are regulated. And the active power flow of the Inv2, P inv 2 , is controlled to zero in order to accomplish the second object. Reactive power is irrelevant to the flying dc-link voltage because input and output active powers only change dc-link voltage. This is common idea for the isolated power systems as in the static synchronous compensator (STATCOM) [36] . It can be summarized as
Because P out and Q out are regulated by motor controller, the following equations can be induced from (7) in ideal lossless system
Currents flowing in the system are identical in inverters and motor. Thus, output powers of the each component are varied with output voltages of inverters. P inv 2 becomes zero when the amplitude of output voltage of the Inv2, V inv 2 , is zero or the angle difference between current and V inv 2 is 90°. At the same time, reactive power of the Inv1, Q inv 1 , should be controlled to zero to maximize the output active power because the apparent output power is limited by dc-link voltage connected to the power source when the constant current flows. Therefore, the reactive powers are controlled as
Equation (10) indicates that the reactive power required to the motor is supplied by flying inverter. In other words, flying inverter works as a reactive power source.
C. Powers and Voltages
In the conventional control method, output voltages of the components are determined to satisfy the aforementioned conditions [31] , [32] . The previous researches give the ideas of making two output voltages orthogonal to maximize the output power while decoupling the power. Fig. 5 shows the vector diagram of the conventional control method. By putting the output voltage Vector of the V inv 1 in parallel with the current vector, it is possible to maximize the P inv 1 . Simultaneously, V inv 2 is decided to orthogonal to the current vector to eliminate the active power flow to Inv2. Thus, (7), (8) , and (10) are satisfied regardless of the operation condition.
In the case of the general machine drive system using only one inverter, the required power from the machine is entirely supplied by the single inverter. For the dual inverter with flying capacitor system, however, source connected inverter only takes charge of not the apparent power but the real power. Thus, constant active power can be supplied irrespective of load condition, while flying capacitor supplies reactive power. In summary, active output power in the low power factor region can be increased in the dual inverter system with flying capacitor.
General PMSM shows relatively high power factor at low speed and around the rated speed. Thus, the required reactive power is also not high. For the high speed region, however, negative d-axis current is definitely necessary to reduce the back-EMF induced by the rotor permanent magnets. Fig. 6 shows the current and voltage vectors of IPMSM in high speed region. Because the resistive voltage drop is much smaller than the voltage from magnetic coupling, the resistive voltage is neglected in the vector diagram of Fig. 6 . The small dynamic voltage terms are also neglected in the diagram. As shown in Fig. 6 , the angle difference between current and voltage vectors is considerable in the high speed region. Thus, the reactive voltage, V react , is also high as much as the active voltage, V act . The faster the machine rotates, the higher reactive voltage is required. Existence of the flying inverter and capacitor lightens the burden of reactive power and helps the efficient high speed drive.
III. HYBRID MODULATION OF DUAL INVERTER WITH FLYING CAPACITOR
In this section, power enhancement method using six-step modulation is proposed. Principle of operation is explained by comparing the proposed method with the conventional methods. This section also includes the analyses of proposed sixstep modulation of dual inverter with flying capacitor scheme focusing on the power and voltage. To widen the operation of hybrid modulation method, phase shifting of six-step modulation method is also proposed. Field weakening control method which is essential for the high speed operation for the proposed modulation method is also suggested in this section. 
A. Principle and Objectives
Six-step modulation is widely known as a modulation method which can generate maximum output voltage. Table I shows the maximum output voltage of the three representative modulation methods; sinusoidal PWM (SPWM), space vector PWM (SVPWM), and six-step modulation. Six-step modulation shows approximately 10% higher output voltage than SVPWM method. In addition, the switching loss also reduced, because only one switching is required in a period. Although the six-step modulation maximizes the amplitude of fundamental frequency component, it generates odd harmonics which lower the efficiency and cause the torque ripple and noise. It is also hard to apply to the machine which has small inductance because of the instant current soaring. Thus, it is temporarily used in dynamic situation such as rapid acceleration or the applications where the above defects are acceptable.
For the dual inverter topology, the voltage applied to the load is decided as a difference of the voltages from two inverters. Thus, the output voltage of the one inverter does not directly affect the load. This characteristic enables the hybrid modulation of dual inverter topology. In the proposed hybrid modulation method, input side inverter modulates the output voltage with six-step. At the same time, opposite inverter compensates the odd harmonics generated from input side inverter. Thanks to the compensation of the flying inverter, load voltage, and current are maintained in sinusoidal form without harmonics. In summary, proposed method takes advantages of the six-step modulation such as low switching loss and high output power and removes the disadvantages such as high order harmonics and torque ripple.
The hybrid modulation suggested in [28] and [29] uses the same characteristics of the dual inverter topology. However, the huge battery bank is hard to apply to the flying dc-link capacitor in the motor drive application. Furthermore, the battery bank also can be recognized as isolated power source not a small dc-link capacitor. Because the six-step modulation generates fluctuating active power, voltage of the small dc-link capacitor also fluctuates. Thus, the ripple power from the six-step operation need to be analyzed and it is accomplished in the following section.
B. In-Phase Six-Step Operation
As briefly mentioned, the proposed in-phase six-step modulation for dual inverter topology with flying capacitor features the six-step of an input side inverter and the harmonic compensation of a flying inverter. It maximizes the output power of the machine and increases the power density of the drive system. The opposite case where the six step of the flying inverter and the harmonic compensation of the input side inverter is also feasible, but the output power is reduced because the active voltage output of the input side inverter is reduced. Applying the six-step to both inverters is also possible but it generates lots of current harmonics and torque ripples [33] . In addition, because the output voltage of the six-step modulation is decided by the dc-link voltage, both of the dc-link voltages should be controlled to supply the voltage required by the load.
Vector diagrams of the in-phase six-step modulation method are shown in the Fig. 7 . It represents how the vectors rotate in the stationary reference frame. The voltage reference vector, V s , is divided into V act and V react with the broken arrow. V s is also represented as the subtraction of two output voltage vectors, V inv 1 and V inv 2 , with solid arrows. Because the output voltage is the subtraction of the two vectors, the arrow of the V inv 2 heads the same point with that of the V inv 1 . The direction of the current vector is same with that of V act . As the current vector rotates counterclockwise from (a) to (c), V s , V act , and V react rotate together. The voltage references of each inverter, however, are decided to point the vertex which is located at the right side of the voltage hexagon of the input side inverter, vertex no. 1 in Table II , because this vertex is the point where the active output voltage of the Inv1 is maximized. When the current vector rotates over 30°as in Fig. 7(d) , V inv 1 and V inv 2 point the next vertex in counterclockwise direction, vertex no. 2 in Table II . As same with the cases of Fig 7(a), (b) , and (c), V inv 1 and V inv 2 in Fig 7(d) , (e), and (f) do not move from the vertex located at 60°. In summary, V inv 1 is decided by the angle 
on off on off on off of the current as depicted in Table II and V inv 2 is decided as (11)
For example, if the current vector is laid on 120°, V inv 1 points the vertex no. 3 in Table II . Fig. 8 shows the decomposed vector diagram of six-step modulated V inv 1 when current vector located in 80°. V inv 1 is decided on the vertex no. 2 and can be divided into active component V inv 1,act and reactive component V inv 1,react . V inv 1,act can be achieved by projecting the V inv 1 to the current vector. As shown in the Fig. 8 , V inv 1,act is always located outside of the voltage hexagon. By projecting the six step modulated V inv 1 for every current angle, trajectory of the V inv 1,act can be drawn as depicted in Fig. 8 . It shows that the length of the V inv 1,act is not constant and varies according to the current angle. Thus, output power is fluctuating even in the steady state. Fig. 9 shows the active output voltages of the various PWM methods for easy comparison. For the conventional PWM methods such as SVPWM and SPWM, maximum linear output voltage of the inverter can be drawn as circle with constant radius. However, instantaneous active voltage output of the six-step modulation is not constant. The average of the active voltage in the six-step modulation is much higher than other linear PWM methods. Thus, the higher power can be transferred between the power source and the machine.
The increased output power enhances output torque in the high speed region. Because the output voltage of the Inv1 is increased, field weakening current for reducing the active voltage is reduced in comparison to the other PWM methods. In other words, higher currents can be used to generate torque instead of reducing the flux. Fig. 10 shows the torque/speed and output power/speed curves of the single inverter system, dual inverter system using SVPWM, and dual inverter system using six-step. In the low speed region, torque output of the three methods are identical because required voltage is located inside of the linear region. Thus, output torque is only limited by the current rating. In the high speed region, however, the voltage required by the machine goes higher and cannot be supplied by the inverter. For the single inverter case, the d-axis current is injected to reduce the output voltage till the voltage goes inside the synthesizable voltage range. Thus, output torque is reduced rapidly above the rated speed. For the dual inverter case, on the other hand, the active voltage is only limited because flying inverter supplies reactive voltage. Thus, output torque is maintained over the rated speed of the single inverter case. When the required active voltage reaches the maximum output voltage of the Inv1, d-axis current is injected to reduce the required active voltage. If the dc-link voltage of the Inv2 can be boosted enough, output power of the dual inverter system is maintained as shown in Fig. 10(b) . Because the active power is constant, output torque of the dual inverter system is reduced in inverse proportion to the rotating speed of the machine as illustrated in Fig. 10(a) . In the constant power region, output torque and power of the machine are decided by voltage rating of the Inv1. Thus, output power and torque in the proposed six-step modulation are higher than those in the conventional method.
Furthermore, the six-step modulation of dual inverter system provides continuous battery current. Linear PWM methods chop the phase current with the switching and make dc-link current discontinuous [37] . This harmonic current to the battery should be reduced because it shortens the lifetime of the battery [38] . In the systems of which the battery is directly connected to the battery, especially, the negative effect is much severer because the dc-link harmonic current directly affects the battery. To solve this problem, the system requires a huge electrolytic capacitor to reduce the switching current. Because the proposed six-step method provides continuous dc-link current which is not chopped by switching, filter capacitor can be reduced. Although dc-link current of the proposed method contains the harmonics from Inv2, it is much smaller than the chopped current because the current is filtered by machine inductance.
Although six-step modulation maximizes the active output power, the reactive voltage V inv 1,react is additionally generated because the phase difference exists between output voltage and current vector as shown in the Fig. 8 . The reactive voltage generated from Inv1 is maximized when the angle difference between current vector and output voltage is maximized. Because the maximum angle difference is 30°, maximum value of the additional reactive voltage from the in-phase six step modulated Inv1 can be depicted as
This additional reactive voltage should be compensated by Inv2 to regulate the machine current. Thus, dc-link voltage of the Inv2, V dc2 , should be controlled to handle the reactive voltage from the Inv1. Due to this additional dc-link voltage, the switching loss of the Inv2 is slightly higher than that of the SVPWM is used. Though the compensation of fluctuating active voltage also requires increment of dc-link voltage, the effect of fluctuating active voltage of Inv1 to increment of V dc2 is negligible.
Because the P inv 1 fluctuates according to the V inv 1 , P inv 2 should be fluctuated to maintain P out constant. As mentioned in the previous section, it is obvious that nonzero P inv 2 varies V dc2 . Although the average of P inv 2 is controlled to zero, fluctuating power from the six step fluctuates V dc2 . Fig. 11 shows the amplitude of six-step modulated voltage vector according to the phase angle from −60°to 60°. The active voltage of the six step modulated Inv1 is represented as blue solid line and its average value is 1 MI. Fluctuating dc-link voltage is determined with the integrated power to the capacitor and indicated by A and B in Fig. 11. Though Fig. 11 represents the voltage magnitude, it is proportional to the power when the currents flowing in the load are sinusoidal. Because the areas of A and B are same and the curve is even function, the area is easily calculated by integrating from 0°to α. α represents the crossing point of the average voltage and instant voltage which is calculated as
Then, θ α is calculated as
Thus, energy transferred in area A, E A , can be calculated with
where I s is amplitude of phase current and f is the fundamental frequency of current. V dc2 is maximized at the right edge of A and minimized at the right edge of B. The relationship between fluctuating energy and voltage can be descripted as
where C 2 is the capacitance of the flying dc-link capacitor, V max and V min are maximum and minimum values of the V dc2 , respectively, V avg is the average value of V dc2 , and ΔV is the amplitude of the fluctuating voltage. From (15) and (16), amplitude of fluctuating voltage is depicted as
where k(0) is the fluctuating coefficient for in-phase six-step method which is defined as
Equation (17) shows that the amplitude of the fluctuating dclink voltage in flying capacitor is proportional to the input power and inversely proportional to the capacitance, the average dclink voltage, and the rotational speed. Thus, it is obvious that the fluctuation problem becomes negligible in the high speed region.
C. Six-Step Operation in Low Speed Region
In the low speed region, back-EMF of the machine is not high and the required active voltage is also low. Therefore, it is impossible to use in-phase six-step method for Inv1. In [35] , SVPWM method is utilized to adjust the active power transferred to the system. Because the output torque is limited by not voltage but current, modulation method does not affect the output torque.
The SVPWM method in the low speed region of dual inverter with flying capacitor system, however, suffers from several problems: huge dc current harmonics, high switching loss, and transition shock between modulation methods. As aforementioned, six-step modulation method reduces huge dc-link current harmonics from PWM and helps the filter reduction. PWM operation in low speed region, however, impedes the reduction of the filter and harms the battery. Although the highspeed operation does not require the heavy filter, it is hard to reduce the filter due to the severe harmonic current in the lowspeed region. The switching loss is also can be reduced with the six-step operation. The transition shock between SVPWM and six-step modulation also causes a problem in dual inverter with flying capacitor system. SVPWM used in low speed region can output the voltage up to 0.9069 MI. Because the six-step methods supplies fixed 1 MI voltage, the transition around the rated speed region causes torque ripple and instability issue in control system. For these reasons, another modulation method for low speed region is demanded for dual inverter with flying capacitor system. This paper proposes a phase modulation to solve these problems. The phase modulation methods was widely researched for high speed dc-dc conversion circuit such as dual active bridge [39] , [40] , and phase shift converter [41] . Similar to these methods, it is possible to adjust the power in the dual inverter system using phase modulation method. Fig. 12 shows the vector diagrams of the average voltage and current in synchronous reference frame. In the conventional method, output voltages of the two inverters are decided orthogonally to decouple the power as shown in the Fig. 12(a) . In this case, however, amplitude of the V inv 1 becomes lower than the unity MI and should be chopped by switching. For the six-step phase modulation method, amplitude of the V inv 1 is fixed to unity MI as represented in Fig. 12(b) . The instantaneous output voltage of the six-step phase modulation method is defined similarly with Table II . By replacing the current angle to the average voltage angle, from θ i to θ i + θ pm , where θ pm is the phase modulation angle defined as the phase difference between current and modulated V inv 1 . For example, when the θ pm is 40°and θ i is 5°, V inv 1 is decided to vertex no. 2. If the θ pm is 40°and θ i is −20°, V inv 1 is located on vertex no. 1. Phase modulated voltage V inv 1,avg is decided to transfer same amount of active power to the system. Thus, the average active component of the V inv 2 becomes zero.
The active component voltage from the Inv1 can be mathematized as
where θ pm is the most important value for the phase modulation method and can be obtained with current reference and active voltage as
Because two solutions for (20) always exist, the selection procedure for the optimal solution is required. Both solutions give the same active voltage but the amplitudes of reactive voltages generated by six-step are different each other. By selecting the optimal θ pm , it is possible to moderate the compensation burden of the Inv2. Because V dc2 can be controlled with the lower value with this properly selected θ pm , the inverter loss can be reduced. The optimal value of θ pm can be acquired by comparing it with θ pf . Choosing θ pm which has same sign with θ pf gives optimal θ pm that can minimizes the reactive voltage for the Inv2. Fig. 13 shows the phase modulated six-step voltage in the stationary reference frame when the θ pm is 40°. Because the voltage is shifted, the active voltage applied to the load is not maximized and the average is also diminished. Fig. 14 shows V inv 1,act of the proposed six-step phase modulation method in Cartesian coordinate when θ pm are 5°and 40°. Comparing to the Fig. 11 , it is easy to find out that the step changing points move θ pm from −30°to −25°and 10°, respectively. The average modulation voltages are also reduced to 0.996 and 0.766 proportionally to the cosine of the θ pm .
The only demerit of the phase modulation method is the increased fluctuation in power and V dc2 . Because the six-step phase modulation method generates higher fluctuating power, ΔV is higher than that of the in-phase six-step method in the high speed region. This is because not only the frequency is low but also the fluctuating active voltage is high. The fluctuating voltage varies according to θ pm and is calculated in two different regions. When θ pm is low, the area A still remains symmetric as shown in Fig. 14(a) . Although the area B is not symmetric, it is easily calculated from A, because the extents of A and B are same. This symmetry is maintained until the step change angle of the instant active voltage exceeds the average active voltage output. This relation about the critical angle can be depicted as (21) and (22) 
Using the symmetry about θ pm , it is possible to divide the calculation region as listed in Table III . For the first section, the area can be integrated using the symmetry as
When θ pm is higher than θ crit , the area A also becomes asymmetric as shown in Fig. 14(b) . Thus, integration of area A for the second section can be depicted as
For (23) and (24), θ α is the point where instantaneous active output voltage becomes same with average output and can be calculated as
With the equations depicted previously, the fluctuation coefficient k(θ pm ) can be drawn as in Fig. 15 
D. Field Weakening Control
High speed operation is the main purpose of the dual inverter with flying capacitor system and it cannot be operated without the field weakening control. Many field weakening control methods have been suggested for several decades [1] - [8] . Among them, this paper introduces the voltage feedback method only because it is free from the load parameters and simple to apply [8] . This method just feeds the output voltage reference back and regulates it by lowering d-axis current. The biggest difference between the field weakening control of single inverter system and that of dual inverter with flying capacitor system is the voltage which is fed back. The field weakening control generally used for the single inverter system regulates the output reference voltage to the linear range. For the dynamic performance and the control stability, the voltage limit is set to have 5%-10% margin. Thus, the voltage limit becomes (26) when SVPWM is applied
where η is voltage margin coefficient which generally has value around 0.9-0.95. In the previous studies, this limited voltage is applied to the dual inverter system and limits output voltage. This marginal voltage can be considered as a wasted voltage. For the dual inverter system with six step modulation, the voltage limit goes up to 1 MI regardless of margin and the voltage limit can be written as (27) 
Thus, the voltage wasted for the margin can be eliminated. This output voltage maximization minimizes field weakening current and improves system efficiency. Furthermore, the increment is not the apparent power but the pure active power. Therefore, this increment effect is not negligible. The active voltage reference for the Inv1 includes the active voltage for the load and V dc2 regulation. Whereas the active voltage for the load becomes constant in steady state, the active voltage required for regulating V dc2 fluctuates due to the six-step operation. For this reason, the d-axis current also becomes fluctuating. The fluctuating current generates errors in controller. Thus, this fluctuating component should be minimized for stable operation. It can be reduced by lowering the cut-off frequency of the field weakening controller. This method, however, also lowers the dynamic performance of the system such as acceleration, deceleration, and V dc2 regulation. Because fluctuating voltage of V dc2 is mainly composed of six times of rotating frequency, it also can be filtered by low pass or notch filter. This method can lessen the current fluctuation while it maintains the dynamic performance. Below the rated speed region, the d-axis current for field weakening should be controlled to zero for MTPA operation. Thus, the field weakening controller only works when θ pm is zero. The composition of field weakening controller is in the following section.
E. System Control
The controller of the proposed six-step modulation for dual inverter with flying capacitor is composed as shown in Fig. 16 . Fig. 16(a) shows the motor controller, field weakening controller, and flying dc-link voltage controller, and Fig. 16 
IV. EXPERIMENTAL RESULTS
To verify the validity of the proposed control method, experiments are accomplished with a PMSM. The parameters of the machine and experimental conditions are listed in the Table IV. DC-link voltage of the power source is 60 V and the flying dclink voltage is controlled to 150 V. Instead of the battery, dc power supply is simply adopted as a power source. Although the flying dc-link voltage can be controlled according to the operating condition, it is fixed to 150 V to compare the efficiency. For Inv1, the power MOSFET IRFP4468s with nominal R ds,on of 2.0 mΩ were used. For Inv2, the intelligent power module PM150RLA060 of 600 V rating voltage and 150 A rating current was used. Fig. 17 shows the key waveforms of the in-phase six-step modulation method for dual inverter with flying capacitor when the machine rotates at 1000 r/min. Four waveforms in Fig. 17 are the A phase voltage references for the each inverter, A phase current, and flying capacitor voltage. It definitely shows that current waveforms are pure sinusoidal even though Inv1 operates with six-step. It remarks that the torque ripples are not caused by the six-step operation of Inv1. The current ripples also can be minimized by adjusting V dc2 in accordance with the operating condition. Fig. 18 shows the experimentally achieved operation areas of the machine according to the three different driving methods. As verified in the previous researches of [31] and [32] , operation area of the dual inverter with flying capacitor is much larger than that of the single inverter case. Similar to the analyzed results depicted in Fig. 10(a) , adopting the six-step operation to Inv1 increases the output power and enlarges operation area. Fig. 19 shows the entire efficiency including motor loss and the inverter efficiency, respectively. The entire driving efficiency is achieved with the calculated output power based on machine parameter and input power measured with PM6000 manufactured by Voltech. Inverter efficiency is also measured with the PM6000. Because the maximum output torques of the two operation methods are different, the efficiency comparison result for the maximum load case is meaningless. Thus, the half of the maximum torque of the proposed method is equally loaded to the both operation methods. As shown in the Fig. 19 , entire efficiency and inverter efficiency of the proposed method are much higher than those of the conventional method. Because the inverter and motor are not operated in the rated condition, the efficiency is not high for the both cases. However, the experimental results clearly verify the efficiency enhancing effect of the proposed method. Fig. 20 shows the key waveforms of the phase modulation method for dual inverter with flying capacitor topology. Each waveform indicates the A phase voltage references for Inv1 and Inv2, current, and V dc2 at 200 r/min. As shown in Fig. 20 , phase current is still regulated as a sinusoidal waveform regardless of the modulation method. The active power required to the machine is controlled by the phase difference of V inv 1 and current, and the waveforms of V a,inv 1 and I a verify the power regulation capability of the proposed method. Waveform of V dc2 shows the fluctuating voltage according to the six-step operation. It definitely shows that the ripple frequency of V dc2 is six times of the fundamental one. This fluctuation becomes severer in low speed operation and should be considered in system design stage. Fig. 21 shows the dc-link currents of Inv1 according to the modulation methods. Experiments for the SVPWM operation is executed at 200 r/min, in-phase six-step operation are executed at 1000 r/min, and the experiment for the phase modulation operation is executed at 500 r/min. As shown in Fig. 21(a) , the dc-link current waveform of SVPWM adopted case is chopped by the switching of Inv1. This dc-link current can deteriorate the battery health and life, and cause the severe EMI. As shown in Fig. 21(b) , dc-link current is smoothed by the continuous conduction of Inv1, and only contains the ripple from the Inv2 switching filtered by the inductance of the machine. It is obvious that the smoothed dc-link current can reduce the input filter and EMI. For the phase shift method case as in Fig. 21(c) , the dclink current is still continuous but changes abruptly in every 60°. This discontinuous current chopping comes from the nonzero current switching of Inv1. It can obstruct the filter minimizing, but it is much lighter than the conventional filter.
V. CONCLUSION
This paper presents the hybrid modulation method which uses hybrid modulation which combines the six-step modulation and SVPWM for dual inverter with flying capacitor topology. The proposed modulation method features the high efficiency and wide operation area. It maximizes the advantages of the dual inverter system and minimizes the defects such as battery current ripple and high inverter loss. The proposed method enlarges the six-step operation area to the whole operation region including the low speed where the conventional method cannot operate. Thanks to the six-step operation of the battery side inverter in whole operation region, the battery side dc-link filter can be reduced. This paper analyzes the modulation method especially considering the power flow between the inverter and motor. The field weakening method and controller for the proposed method are also presented. The reduced scale experiments with the PMSM are also executed to verify the superiority of the proposed method. The experimental results prove that the proposed method gives the high efficiency and large operation area.
